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Plant roots shape the rhizosphere microbiome, recruiting microbes with beneficial functions. While genetically engineered crops offer yield advantages, their impacts on rhizosphere microbial communities remain understudied. This study evaluated the effects of transgenic maize, alongside a non-transgenic counterpart, on rhizosphere bacterial and fungal community composition using 16S rRNA and ITS amplicon sequencing. Additionally, glyphosate was used to evaluate its impact on microbial assembly and the magnitude of its effect at various maize growth stages. The results showed that transgenic maize D105 line significantly increased bacterial alpha diversity but not fungal diversity. Beta diversity analysis showed clear separation between bacterial and fungal communities at higher glyphosate treatment. Specific bacterial taxa such as Pseudomonas and Sphingomonas were enriched, while fungal taxa such as Ascomycota, Lasiosphaeriaceae, Verticillium were differentially abundant in glyphosate treatments. LEfSe analysis identified distinct enrichment patterns of bacterial (Proteobacteria and Actinobacteria) and fungal taxa (Verticillium and Guehomyces) associated with the transgenic line and glyphosate levels. KEGG functional analysis suggested potential impacts on bacterial metabolic pathways and shifts in fungal trophic modes (saprotrophs, pathogens) within the rhizosphere microbiome. This research provides insights into the classification, functional relationships, and underlying mechanisms shaping microbial communities carrying insect resistance and glyphosate resistance traits.
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1 Introduction

Maize (Zea mays L.) is the most widely planted, potentially high-yield, and useful grain crop, and approximately one billion tons of maize are produced every year across the world (Warren et al., 2019). To increase the yield of maize, the farmland always be fertilized and watered which induces the overgrowth of weeds. Weeds are the major biotic barriers as they compete with maize for sunlight, water, and nutrients (Martin, 2020; Zhu et al., 2020). In China, approximately 27 million hectares of maize were seriously affected by weeds every year, leading to a 20–30% decrease in maize yield.

With the global cultivation of transgenic crops, the herbicide-tolerant transgenic maize, containing a glyphosate-insensitive 5-enolpyruvyl-shikimate-3-phosphatase synthase (EPSPS) gene, was widely planted for weed management (Staller and Staller, 2010; Vázquez et al., 2021). Glyphosate-tolerant transgenic maize offers benefits such as effective weed control through the use of glyphosate, a broad-spectrum herbicide, without damaging the crop. This can lead to higher yields, simplified weed management, and environmental benefits such as reduced soil erosion and carbon sequestration through conservation tillage practices enabled by glyphosate tolerance (Brookes and Dinh, 2021; Yu et al., 2023). However, there are concerns about the development of glyphosate-resistant weeds, reducing the technology’s effectiveness over time. The potential impact on non-target organisms such as beneficial insects, soil microorganisms, and aquatic life, especially at higher application rates, is a concern (Wang et al., 2022). While glyphosate residues are generally considered safe at established tolerance levels, there are concerns about potential health risks from long-term exposure and environmental accumulation. Issues of monopolization, higher seed costs, and public skepticism due to perceived risks and ethical concerns can also hinder adoption.

The soil rhizosphere harbors a diverse and intricate microbial community that plays a pivotal role in various ecological processes, including oxidation, nitrification, ammonification, nitrogen fixation, and sulfurization. These microorganisms are highly sensitive to the secretion of exogenous gene products by transgenic crops (Dilnashin et al., 2020). Assessing the changes in soil microbial community structure and diversity is of paramount significance for evaluating the environmental safety of transgenic crops. Previous studies have reported varying effects of transgenic plant releases on soil microbial communities (Zhang et al., 2019). While numerous studies have demonstrated no significant or only minor and transient changes in the soil microbial community, others have observed major consequences on soil microbial populations, soil enzyme activities, or the structure of a microbial community (Bunge et al., 2006). These divergent findings underscore the complexity of soil ecosystems, which represent one of the richest microbial communities on Earth. Consequently, further research on a case-by-case basis is necessary to evaluate the effects of new transgenic plant releases on soil microorganisms, with a particular emphasis on rhizosphere microbial communities (Eichmann et al., 2021).

The rhizosphere is a hotspot for complex plant–microbe interactions influencing plant growth and nutrient cycling (Hinsinger et al., 2009; Mommer et al., 2016). Within this zone, root exudates facilitate selective enrichment of microbial taxa, known as the rhizosphere effect. Given the inconsistent effects of transgenic crops on soil microbial communities, a study investigated a double-transgenic insect-resistant and glyphosate-tolerant maize variety. To combat this issue, a double-transgenic insect-resistant and glyphosate-tolerant maize variety containing the EPSPS and Cry1ab genes was selected (Mesnage et al., 2013). Using high-throughput sequencing, its effects on the composition and function of the soil microbiome of maize across the soil–plant continuum were determined (Jia et al., 2017). At the seedling stage and tasseling stage, a field experiment was conducted for a comprehensive analysis of microbial communities comprising bacterial and fungal biomasses. In addition, glyphosate has been reported to contaminate soil and potentially affect the structure and function of microbial communities (Peiffer et al., 2013; Trivedi et al., 2021). Therefore, glyphosate was used to evaluate its impact on microbial assembly and the magnitude of its effect at various maize growth stages.



2 Materials and methods


2.1 Plant materials

The transgenic maize line Yuanke 105D, containing an EPSPS gene and a Cry1ab gene, confers glyphosate-tolerant and lepidopteran insect resistance. In total, 41% glyphosate isopropylammonium salt (PD20160174), a broad-spectrum systemic herbicide and crop desiccant, was obtained from Beijing Zhongbao Green Agriculture Technology Group Company. The wild maize line Yuanke 105 was used as a control in this study. A field trial was conducted at the Biological Breeding Research and Experimental Base of the Inner Mongolia Academy of Agricultural and Animal Husbandry Sciences, which was situated in Tuoxian town, Hohhot City, China (43°30’N, 111°23′E). The experimental plots were established on a saline tidal soil, which were characterized by an approximate water content of 11%, an organic matter content of 6 g/kg, and a soil pH ranging from 8.2 to 8.3.



2.2 Experiment design and sampling

The field experiment was conducted using a structured shelter planting method, adhering to local conventional farming management practices. Each experimental plot measured 30 m2, with a spacing of 120 cm between adjacent plots. The maize was sown in rows spaced 50 cm apart, with a plant-to-plant distance of 25 cm within each row. The transgenic maize line Yuanke 105D, harboring the EPSPS gene for glyphosate tolerance, was subjected to varying glyphosate application rates at the seedling stage. An HD400 sprayer equipped with a fan nozzle was employed for the foliar application of glyphosate at rates of 0 g/ha (control), 922 g/ha, 1,230 g/ha, and 1,537 g/ha to the respective Yuanke 105D plots.

To investigate the potential effects of the transgenic maize line and glyphosate application on the rhizosphere soil microbial community, soil samples were collected at seedling and tasseling stage. There are five maize plots with different treatments, named 105, 105D-0, 105D-150, 105D-200, and 105D-250. Rhizosphere soil samples were obtained by carefully excavating the root systems and brushing off the soil tightly adhering to the root surface. Six biological replicates were collected from each plot, thoroughly mixed, and placed in plastic bags containing ice packs to maintain sample integrity during transportation.



2.3 Metagenomic DNA extraction from rhizosphere soil samples

Total metagenomic DNA was extracted from approximately 0.5 g of maize rhizosphere soil samples using the HiPure Universal DNA Kit, following the manufacturer’s protocol. This commercial kit employs a robust and standardized methodology for efficient recovery of high-quality DNA from environmental samples. The concentrations of the metagenomic DNA obtained from each biological replicate were quantified using a NanoDrop 2000 spectrophotometer (García-Alegría et al., 2020). The completeness of DNA was determined by 1% agarose gel electrophoresis. These high-quality metagenomic DNA samples with high integrity and concentrations exceeding 15 ng/μl were stored at −80°C to ensure long-term preservation and minimize potential degradation.



2.4 rDNA amplification and sequencing

To characterize the bacterial and fungal communities present in the rhizosphere soil samples, amplicon sequencing targeting the 16S rRNA gene and internal transcribed spacer (ITS) regions was performed (Quast et al., 2013). All DNA samples were dispatched to Nanjing Genepioneer Biotechnologies (Nanjing, China) for library preparation and sequencing on the Illumina MiSeq platform, utilizing the MiSeq Reagent Kit. For profiling the bacterial communities, the full-length 16S rRNA gene was amplified using the universal primer pair 341F (5’-CCTACGGGNGGCWGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′) (Yilmaz et al., 2014). To assess the fungal community composition, the internal transcribed spacer (ITS) region 1 was amplified using the primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS1R (5’-GCTGCGTTCTTCATCGATGC-3′). The ITS region, located between the small and large subunit rRNA genes, is a widely used marker for fungal identification and taxonomic classification due to its high degree of sequence variation among different fungal species (Nilsson et al., 2019).



2.5 Data analyses

The 16S rRNA gene and ITS amplicon sequencing data were processed using a comprehensive bioinformatics pipeline to characterize the bacterial and fungal communities present in the rhizosphere soil samples. The bacterial 16S rRNA gene sequences were analyzed using the SILVA 138/16S rRNA database for taxonomic assignment (Schloss et al., 2009; Cole et al., 2014). Quality control measures were implemented to ensure data integrity, including the detection and removal of chimeric sequences using UCHIME (v1.9.1) software. Alpha diversity indices, such as Shannon and Chao1, were calculated using MOTHUR (v1.30.2) software to assess the richness and diversity of bacterial communities across samples. Differences in richness and diversity between experimental groups were statistically evaluated using two-way analysis of variance (ANOVA) with Tukey’s post-hoc test. For the analysis of fungal communities, the ITS amplicon sequences were taxonomically assigned using the Unite 8.0/ITS fungi database. To investigate the overall community composition and assess the similarities or dissimilarities between samples, beta diversity analysis was performed using principal coordinate analysis (PCoA) implemented in the QIIME (v1.9.1) software package (Chen et al., 2021). The resulting PCoA plots were generated using the R packages “vegan,” “ecodist,” and “ggplot2” in R (v4.1.3), enabling the visual representation and interpretation of beta diversity patterns (Adams et al., 2013).

Data were subjected to a one-way analysis of variance with factors of treatments and expressed as means + SD. Comparisons between any two groups were performed by unpaired Student’s t-tests. **Indicates a significant difference at p-values of 0.01 compared with the control. *Indicates a significant difference at p-values of 0.05 compared with the control.




3 Results


3.1 Overall analysis of 16S rDNA

A total of 601,358 amplicon sequence variants (ASVs) were generated using the 341F-806R primer pair. On average, each rhizosphere soil replicate sample yielded 60,135 ASV pairs, providing a robust dataset for downstream analysis of the bacterial community composition and diversity. For the characterization of fungal communities, the ITS1F-ITS1R primer pair, targeting the ITS region, was employed. This approach resulted in the generation of 1,087,847 ASV pairs, with an average of 108,784 ASV pairs per rhizosphere soil replicate sample (Supplementary Table S1).



3.2 Alpha diversity analysis of rhizosphere microbial communities

The assessment of alpha diversity, which reflects the richness and evenness of species within a community, was conducted for the rhizosphere soil microbial communities at the seedling and tasseling stages of maize growth. The rarefaction analysis, based on the normalized observed amplicon sequence variants (ASVs), Chao1, and Shannon indices, revealed that the rarefaction curves nearly reached saturation plateaus. The mean and standard deviation of these indices were calculated based on all biological replicates of the rhizosphere soil samples. This approach enabled the assessment of changes in microbial community richness and diversity associated with the different maize lines under investigation.

The non-transgenic control maize line (105) did not significantly influence bacterial richness or diversity, as evidenced by the Chao1 and Shannon indices, at both the seedling and tasseling stages (Figures 1A,B). However, the transgenic maize line (D105) exhibited a significant increase in bacterial Shannon diversity during the flowering/tasseling stage (Figure 1B), suggesting a potential impact on the evenness of bacterial taxa within the rhizosphere community. In contrast to the observed effects on bacterial communities, neither the non-transgenic control (105) nor the transgenic line (D105) had a significant impact on fungal alpha diversity, as measured by the Chao1 and Shannon indices, at both the seedling and tasseling stages (Figures 1C,D). This finding indicates that the richness and evenness of fungal taxa within the rhizosphere were not substantially altered by the presence of the transgenic maize line.
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FIGURE 1
 The Chao 1 (species richness) and Shannon (species diversity) indexes of bacterial (A,B) and fungal (C,D) communities within rhizosphere soil compartments of control 105 and glyphosate-treated transgenic 105D maize lines at seedling stage and tasseling stage. One hundred and five represents the wild maize line Yuanke 105. 105D-0, 105D-150, 105D-200, and 105D-250 represent the transgenic maize lines Yuanke 105D treated with 0, 922, 1,230, and 1,537 g of glyphosate per hectare. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level.
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FIGURE 2
 Principal component analysis based on the distance matrix calculated using the Bray–Curtis distance matrix for rhizosphere soil. The rhizosphere soil compartments cause the largest source of variance among bacterial (A) and fungal (B) communities of control 105 and glyphosate-treated transgenic 105D maize lines at seedling stage and tasseling stage.




3.3 Beta diversity analysis of rhizosphere microbial communities

To investigate the differences in microbial community composition among the rhizosphere soil samples, beta diversity analysis was performed using principal coordinate analysis (PCoA). The PCoA based on bacterial amplicon sequence variant (ASV) composition revealed a clear separation between the rhizosphere soil replicates of the non-transgenic control maize line (105) and the transgenic line (D105) with different glyphosate treatments, along the first principal coordinate axis (PCoA1) at both the seedling and tasseling stages (Figure 2A). The PCoA1 axis accounted for 15.38% of the total variance in bacterial community composition. However, within the transgenic D105 line, the bacterial ASV composition did not exhibit distinct clustering among the different glyphosate treatment levels.

The analysis of fungal community composition using PCoA demonstrated distinct patterns across the growth stages (Figure 2B). At the seedling stage, the rhizosphere soil replicates of the transgenic D105 line treated with higher glyphosate rates (105D-250, 105D-200, and 105D-150) were clearly separated from the non-transgenic control (105) along the PCoA axes. This separation became more pronounced at the tasseling stage, where the fungal communities of all transgenic D105 treatments, irrespective of glyphosate rate, were distinctly clustered apart from the non-transgenic control (105). The first principal coordinate axis (PCoA1) explained 26.78% of the total variance in fungal community composition.



3.4 Alterations in bacterial community composition

We assessed the taxonomic distributions of bacterial ASVs at different classification levels. At the phylum level, 20 dominant bacterial phyla were assigned, which comprised 98% of the entire bacterial community. The most prevalent bacterial phylum was Proteobacteria, which was then followed by Acidobacteriota, Actinobacteriota, Chloroflexi, Bacteroidota, Gemmatimonadota, Planctomycetota, and Patescibacteria (Figure 3A). The relative abundance of Proteobacteria, Actinobacteriota, and Bacteroidota increased obviously from the seedling stage to the tasseling stage, while Planctomycetota and Gemmatimonadota decreased. Altogether, the composition of bacterial communities at the phylum level has no significant differences among the rhizosphere soils of the transgenic maize 105D with different glyphosate treatments compared with the control maize 105.
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FIGURE 3
 Composition and structure of bacterial and fungal communities of control 105 and glyphosate-treated transgenic 105D maize lines at seedling stage and tasseling stage. (A,B) Represent the phylum and genus levels of bacteria, respectively. (C,D) Represent the phylum and genus levels of fungi, respectively. The top 20 relative abundances are shown, and the remaining abundances are indicated as ‘Others’.


At the class level, 20 dominant bacterial classes were assigned, which comprised more than 50% of the entire bacterial community. The abundant classes were Sphingomonas, Vicinamibacteraceae, RB41, and WD2101 at the seedling stage, while Pseudomonas, Sphingomonas, and Vicinamibacteraceae were the most abundant bacteria at the tasseling stage (Figure 3B). The relative abundance of the Pseudomonas class increased sharply from the seedling stage to the tasseling stage.

Compared with the two growth stages, the abundance of Pseudomonas species significantly increased, and transgenic 105D showed a trend of increasing and decreasing with the concentration of glyphosate treatment. The proportion of other bacterial genera decreased, and the decrease was lower when spraying high-concentration glyphosate compared with other samples. The control 105 of Sphingomonas increased, while the transgenic 105D decreased. The decrease was slower under high-concentration glyphosate treatment. The abundance proportion of Vicinamido bacteriaceae genus and Acidobacterium RB41 slightly decreased, and there was no significant difference among the various varieties.



3.5 Alterations in fungal community composition

The taxonomic composition in the rhizosphere soil of 105D and its control 105 at the phylum level is shown in Figure 3C, and the most abundant phylum was Ascomycota at the seedling stage and tasseling stage, which was followed by Basidiomycota and Zygomycota. At the seedling stage, only the relative abundance of Ascomycota was higher in the rhizosphere soil of 105D compared with that of the control 105, which suggested that the relative abundances of Ascomycota were increased in the rhizosphere soil of 105D with glyphosate treatment (Figure 3C). At the tasseling stage, both the relative abundances of Basidiomycota and Zygomycota increased, whereas the relative abundance of Ascomycota decreased in the rhizosphere soils of 105D and control 105.

At the class level, 20 dominant fungal classes were assigned, which comprised approximately 50–75% of the entire fungal community at the seedling stage and tasseling stage. The abundant classes were Fusarium, Chaetomium, Mortierella, and Gibberella at the seedling stage, while Mortierella, Fusarium, Gibberella, and Chaetomium were the most abundant fungi at the tasseling stage (Figure 3D). The relative abundance of the Fusarium class was decreased in the rhizosphere soil of 105D with glyphosate treatment at the seedling stage, which suggested that glyphosate has a negative effect on Fusarium.



3.6 LEfSe of the bacterial and fungal communities in the rhizosphere

To gain deeper insights into the rhizosphere microbial communities associated with the transgenic maize line (D105) and different glyphosate treatment levels, we employed the linear discriminant analysis effect size (LEfSe) method. This approach enabled the identification of bacterial and fungal taxa that were differentially abundant among the non-transgenic control (105), transgenic untreated (105D-0), and transgenic lines treated with varying glyphosate concentrations (105D-150, 105D-200, and 105D-250) at both the seedling and tasseling stages.

At the seedling stage, LEfSe analysis revealed 88 distinctly abundant bacterial taxa among the 5 groups, with a linear discriminant analysis (LDA) score higher than 3.5 (Figure 4A). The non-transgenic control (105) was enriched in taxa belonging to the order Xanthomonadales and the family Xanthomonadaceae. In contrast, the transgenic untreated line (105D-0) exhibited enrichment of Acidimicrobia, Vicinamibacteria, and Vicinamibacterales. The transgenic line treated with a low glyphosate concentration (105D-150) was characterized by an abundance of Gemmatimonadales, Gemmatimonadaceae, and Gemmatimonadetes, while the highest glyphosate treatment (105D-250) favored the enrichment of Acidobacteriota, Chloroflexi, and Planctomycetes. At the tasseling stage, 46 bacterial taxa were identified as differentially abundant among the groups (Figure 4B). The non-transgenic control (105) exhibited enrichment of Bacteroidota and Bacteroidia. The transgenic line treated with a low glyphosate concentration (105D-150) was characterized by an abundance of Pseudomonas, Pseudomonadanceae, Pseudomonadales, and Gammaproteobacteria. The intermediate glyphosate treatment (105D-200) favored the enrichment of Proteobacteria, while the highest glyphosate concentration (105D-250) promoted the abundance of Alphaproteobacteria, Actinobacteria, Micrococcales, and Micrococcaceae.
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FIGURE 4
 LEfSe analysis at multiple taxonomic levels comparing the rhizobiome soil of control 105 and glyphosate-treated transgenic 105D maize lines at seedling stage and tasseling stage. Histogram of the LDA scores greater than 3.5 computed for groups with differential abundance among the rhizobacterial communities at seedling stage (A) and tasseling stage (B). Histogram of the LDA scores greater than 3.5 computed for groups with differential abundance among the rhizofungal communities at seedling stage (C) and tasseling stage (D). The length of each bar represents the contribution of species with significant differences in abundance.


Regarding the fungal communities, 36 abundant taxa significantly differed across the groups at the seedling stage, with an LDA score higher than 3.5 (Figure 4C). The non-transgenic control (105) exhibited enrichment of nine fungal taxa. The transgenic untreated line (105D-0) was characterized by an abundance of Cnygenales and Onygenaceae. The transgenic line treated with an intermediate glyphosate concentration (105D-200) favored the enrichment of Lasiosphaeriaceae, Zopfiella, and Zopfiella_marina, while the highest glyphosate treatment (105D-250) promoted the abundance of Pleosporaceae, Plectosphaerellaceae, and Verticillium_dahliae.

At the tasseling stage, 44 fungal taxa were identified as differentially abundant among the groups (Figure 4D). The non-transgenic control (105) exhibited enrichment of Eurotiomycetes, Ceratobasidiaceae, and Cantharellales. The transgenic untreated line (105D-0) was characterized by an abundance of Mortierella_amoeboidea, Gibberella_intricans, and Gibberella. The transgenic line treated with a low glyphosate concentration (105D-150) favored the enrichment of Basidiomycota, Cystofilobasidiaceae, and Tremellomycetes, while the intermediate glyphosate treatment (105D-200) promoted the abundance of Xylariales. The highest glyphosate concentration (105D-250) favored the enrichment of Guehomyces and Guehomyces_pullulans.



3.7 KEGG functional annotation analysis of bacterial and fungal communities

To gain insights into the functional potential of the rhizosphere microbial communities associated with the transgenic maize line and different glyphosate treatments, we performed KEGG (Kyoto Encyclopedia of Genes and Genomes) functional annotation analysis. This approach enabled the assessment of the abundance and distribution of various metabolic pathways and trophic modes within the bacterial and fungal communities.

The abundance of KEGG primary pathway functions related to metabolism, environmental information processing, cellular processes, and genetic information processing in bacterial communities was analyzed across the non-transgenic control (105), transgenic untreated (105D-0), and transgenic lines treated with varying glyphosate concentrations (105D-150, 105D-200, and 105D-250) at both the seedling and tasseling stages (Figure 5A). Notably, the abundance of metabolic pathways was the highest across all groups, followed by genetic information processing, environmental information processing, and cellular processes. Functional systems associated with human diseases and organismal systems did not exhibit significant changes among the different groups. However, minor variations were observed in the abundance of environmental information processing pathways between the groups.

[image: Figure 5]

FIGURE 5
 Functional analysis of different species in the rhizobiome soil of control 105 and glyphosate-treated transgenic 105D maize lines at the seedling stage and tasseling stage. (A) Bacterial KEGG primary functional abundance. (B) Bacterial KEGG secondary functional abundance. (C) Fungal KEGG primary functional abundance. (D) Fungal KEGG secondary functional abundance.


Furthermore, the abundance of PICRUSt2 secondary pathway functions was analyzed (Figure 5B). The pathways related to amino acid metabolism, carbohydrate metabolism, and energy metabolism were the most abundant. Notably, no obvious changes were observed among the 42 secondary pathway annotations at both the seedling and tasseling stages, suggesting a relatively stable functional profile within the bacterial communities.

The KEGG functional annotation analysis of fungal communities revealed seven trophic types: saprophytic, pathotroph, symbiotroph, pathotroph–saprotroph, pathotroph–symbiotroph, saprotroph–symbiotroph, and pathotroph–saprotroph–symbiotroph (Figure 5C). The saprophytic trophic type exhibited the highest proportion, while the pathotroph–symbiotroph trophic type had the lowest abundance. Subclass analysis of functional groups revealed that the dominant functional groups across the samples were animal pathogen–endophyte–fungal parasite–plant pathogen–wood saprotroph, animal pathogen–dung saprotroph–endophyte–epiphyte–plant saprotroph–wood saprotroph, undefined saprotroph, and plant pathogen. The observed patterns in metabolic pathways and trophic types may have implications for nutrient cycling, plant–microbe interactions, and ecosystem processes within the rhizosphere microbiome (Figure 5D).




4 Discussion

The soil microbiome plays a pivotal role in promoting plant growth and productivity, driving biogeochemical cycles, and contributing to global food security (Caporaso et al., 2010; Hu et al., 2022). As such, understanding the potential impacts of genetically modified crops on soil microbial communities is of paramount importance. This study provides a comprehensive characterization of the maize-associated microbiome, encompassing both bacterial and fungal communities, through high-throughput amplicon sequencing of field-grown samples.

Based on the sequencing of bacterial 16S rRNA and fungal ITS1 regions, principal coordinate analysis (PCoA) and Chao1 analyses revealed distinct clustering patterns among the rhizosphere microbial communities associated with the non-transgenic control (105), transgenic (D105), and different glyphosate treatment levels (105D-0, 105D-150, 105D-200, and 105D-250) at both the seedling and tasseling stages.

In this study, in addition to the non-transgenic control (105), the application of glyphosate had a substantial impact on soil characteristics and the dynamics of microbial communities. Following glyphosate application, the abundance of certain bacterial genera, such as Pseudomonas, exhibited significant changes, while the proportion of other genera, such as Sphingomonas, Vicinamidophilus, and Acidobacterium, was differentially affected depending on the glyphosate concentration and the presence of the transgenic trait. At the seedling stage, the transgenic maize line appeared to promote the abundance of Ascomycota and Basidiomycota phyla while inhibiting other fungal phyla. Conversely, at the tasseling stage, the transgenic line exhibited an inhibitory effect on Ascomycota and Basidiomycota while promoting the abundance of Fusobacteria. These findings suggest that different fungal phyla may respond differently to the presence of the transgenic trait and glyphosate stress across different growth stages.

LEfSe analysis of the rhizosphere microbial community revealed that the transgenic maize line had no significant effect on fungal communities during the seedling stage. However, low concentrations of glyphosate appeared to inhibit fungal abundance, while higher concentrations had a promoting effect. At the tasseling stage, the transgenic line promoted an increase in fungal abundance, with low glyphosate concentrations exhibiting a promoting effect and high concentrations of an inhibitory effect, demonstrating an opposite trend compared with the seedling stage (Figure 4).

Within the bacterial communities, KEGG functional annotation analysis indicated that the transgenic maize line had an inhibitory effect on the abundance of pathotrophs (plant pathogen) at both seedling and tasseling stages, with no clear pattern in response to glyphosate. The abundance and distribution of various metabolic pathways and trophic modes exhibited no difference between control and transgenic lines. However, within the fungal communities, the abundance of pathotroph–saprotroph–symbiotroph was inhibited at the seedling stage but unaffected at tasseling stage. The abundance of saprotroph (decomposer) was promoted at seedling stage but inhibited at tasseling stage by transgenic maize. Low glyphosate promoted, while high concentrations inhibited the abundance of animal pathogen–dung, saprotroph–endophyte-epiphyte–plant saprotroph–wood saprotroph, and animal pathogen–endophyte–plant undefined saprotroph. These shifts in microbial trophic modes suggest impacts on nutrient cycling, plant–microbe interactions, and rhizosphere processes, warranting further mechanistic investigations.

These findings highlight the complex interplay between genetically modified crops, herbicide application, and soil microbial communities, underscoring the importance of considering both bacterial and fungal components of the microbiome. While the introduction of transgenic traits and glyphosate application can modulate the abundance and composition of certain microbial taxa, the observed effects appear to be context-dependent, which are influenced by factors, such as plant developmental stage, soil conditions, and herbicide concentration.
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